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METHOD FOR EFFECTIVE TRIMMING OF RESISTORS) USING PULSED 
HEATING AND HEAT LOCALIZATION 

FIELD OF THE INVENTION 

5 The invention relates to the trimming of a resistor or resistors, 

suitable for use at any level of the manufacturer-to-user chain. More 
specifically, it relates to trimming by resistive heating using electric current 
in the resistor itself or in an adjacent resistor. 

10 BACKGROUND OF THE INVENTION 

The trimming (adjustment) of resistors is a widely used procedure in 
the manufacture of microelectronics and eiectronic ccmponents, and in 
common design of user circuits, especially where precision calibration is 
desired. In principle, one trims the resistor until an observable local or 

15 global circuit parameter reaches a desired value. Rttsistor trimming is 
widespread in both manufacturing of a variety of components and 
Instruments, and in the user community. 

Several methods exist for trimming resistors, applicable at various 
levels of the manufacturer-to-user chain, including laser-trimming, electrical 

20 trimming, trimming by reconfiguration of resistor networis using fuses, and 
the use of trimpots (potentiometers) having variable numbers of resistive 
tums. 

Eleclrorthermal trimming phenomena have been obsery/ed by several 
authors, for the trimming of a variety of resistor materials. For example. 

25 Kato and Ono ("Constant Voltage Trimming of Heavily-Doped Polysilicon 
Resistors," Jpn. J. Appl. Phys. Vol. 34, 1995. pp.45-53), related 
experimental results to a theoretical model, whereb/ the instability of 
polysilicon as a function of applied voltage and current were explained by 
melting-segregation at grain boundaries in the polysilicon. modified by the 

30 temperature dependence of grain resistance. In thoir fonnulation, the 
rBsistence behavior is found to be highly non-linear, wfti little or no change 
in resistance for low power dissipation (below a certain threshold), and 
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dramatically increased instability above a certain threshold. Also, research 
at l^otorola by D.Feldbaumer, J.Babcocl<, ("Theory and Application of 
Polysilicon Resistor Trimming", Solid-State Electronics, 1995. vol. 38, pp. 
1861-1869) prove that polysilicon resistors, so-trimmed at higher 

5 temperature(s), exhibit excellent stability in absolute resistance, during 
operation at or near room temperature. 

The thennal instability, (unstable resistance variation with 
temperature) of polysilicon resistors located on micro-machined platform 
suspended over cavities, is know/n (Canadian Microeleclronics Corporation 

10 Report #IC95-08 Sept 1995; and O.Grudin, R.Marinescu L.M.Landsberger, 
D.Cheeke, M.Kahrizi, "CMOS-Compatible High-Tempersiture Micro-Heater 
Micfostructure Release and Testing," Canadian Joumal of Elec. and Comp. 
Engineering. 2000. Vol.25. No.1, pp.29-34.) It is l<nown that, for a 
resistance element on a micro-platfomfi. the resistance t»uld be increased 

15 or decreased depending on the power applied through that resistance 
element. This is usually considered to be a disadvantage for the use of 
polysilicon for resistive elements where stability is impcrtant. This present 
Invention concerns the use of this Instability (or any similar threshold- 
dependent instability in resistive materials), to overcome any of a group of 

20 several obstacles present In the aggregate of the prior art. In particular, the 
material should be stable below a certain threshold of temperature or 
power dissipation, and relatively less stable above such a threshold, such 
that its resistance can be modified. 

There exists electrical trimming of metal resistors based on Inducing 

25 electita-migration in the resistive elements by pulsing high curents (US 
Patents #4870472, # 4606781). This method relies on very high current 
density to cause the electro-niigratlon. 

There exists electrical trimming based on themfially-lnduced changes 
In resistivity of polysilicon resistors residing on a substrate (US Patent 

30 #4210996; D. Feldbaumer, J. Babcock, V. Mercier, C. Chun, "Pulse 
Current Trimming of Polysilicon Resistore", IEEE Trans. Electron Devices, 
1995, vol. 42, pp. 689-695; D. Feldbaumer. J. Bab.X)ck, "Theory and 
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Application of Polysilicon Resistor Trimming", Solld-State Electronics. 
1995, vol. 38, pp. 1861-1869), or resistors made from other themially- 
mutable types of materials). This method relies on the application of highly 
dissipated power (such as several watts), to sufficiently heat the resistors 

5 while they are on the substrate which effectively acts as a heat-sink. This 
In turn requires high voltage and brings the danger of damage from 
electrostatic discharge (ESD). 

Arguably In large part to get around this problem. Motorola invented 
thennal trimming of a functional resistor by an auxiliary/ resistor which is 

10 electrically-isolated from the functional resistor. This allows functional 
trimming to set a parameter of a larger circuit (US F'atents #5679275, 
#5635893, #5466484), with the trimmable resistor as a component, without 
repeated disconnection-reconnection of the functional resistor. This also 
allows the trimming of resistors having high resistance values, without extra 

1 5 constraints on the heater resistor. 

The Motorola invention involves placing the resistors one over the 
other, separated by'a very thin electrically-insulating film. This configuration 
is required principally because the two resistors anj situated on the 
substrate, which acts as a heat sink. Thus, a substantial amount of power 

20 is required to be dissipated to attain the trimming temperature. 
Consequently, the one-over-the-other configuration Is preferred In the prior 
art. In order to maximize the heat transfen-ed from the h(jater-resistor to the 
functlonal-i«sistor. Any other configuration, such as side-by-side and made 
from the same deposited layer, would require much higher power- 

25 dissipation in the heater-resistor, which In tum would require a higher 
supply voltage and would unduly heat the substrate. It should be noted that 
the substantial power dissipated in the heater resistor must be conducted 
away through the insulating oxide, functional resistor, and other 
sunrounding layers and devices. 

30 The concept of a micro-platform or mlcrostmcturfj suspended over a 

cavity In a substrate (such as a cavity micro-machined in silicon), including 
electrically-resistive elements for heating and/or sensing, has been well- 
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known in the Irterature for a decade or more (Canadian Microelectronics 
Corporation Report #IC95-08 Sept 1995; F. Volkleln and H.BaltBS. "A 
Mlcrostructure for Measurement of Thermal Conductivity of Polysilicon Thin 
Films", J. Microelectromechanlcal Systems, Vol.1. No.4, Dec 1992, p.193, 

5 and references therein: Y.C.Tai and R.S.Muller. "Lightly-Doped Polysilicon 
Bridge as an Anemometer," Transducers '87, Rec. of the 4th International 
Conference on Solid-State Sensors and Actuators 1987, pp.360-363; 
N.R.Swart and A.Nathan, "Reliability Study of Polysilicon for Micro- 
hotplates." Solid State Sensor and Actuator Workshop, Hilton Head, June 

10 13-16, 1994, pp.1 19-122.). Micro-platforms with embedded resistive 
elements are commonly seen In micro-sensor, micro-actuator and micro- 
electromechanical systems (MEMS) literature since 1990 or eariler (e.g. 
I.H.Chol and K.WIse, "A Silicon-Themiopile-Based Infrared Sensing Aoay 
for Use In Automated Manufacturing," IEEE Transactions on Electron 

1 5 Devices, vol. ED-33, No.1 , pp.72-79, Jan 1 986). 

The concept of using a resistive heater to heat an entire suspended 
micro-platform or mlcrostructure is also well-known In the literature for at 
least approximately a decade (C.H.Mastrangelo, J.H.-L.Yeh. R.S.Muller, 
"Electrical and Optical Characteristics of Vacuum-Sealed Polysilicon Micro- 

20 lamps", IEEE Trans. Electron. Dev., vol.39. No.6. June 1992, pp. 1363- 
1375; N.R.Swart, and A.Nathan. "Reliability of Polysilicon for Micro-plates," 
Solid-state Sensor and Actuators W6ri«hop, Hilton Head, South Califomia, 
June 13-16. 1994. pp. 119-122; S.Wessel. M.Parameswaran. R.F.Frindt, 
and R. Morrison, "A CMOS Thermally-lsplated Heater Stmcture as 

25 Substrate for Semiconductor Gas Sensore," Microelectronics. Vol.23, No.6, 
Sept 1992, pp.451-456; M.Parameswaran, A.M.Robinson, Lj.Ristic, 
K.C.Chau, and WAIIegretto. "A CMOS Themially Isolated Gas Flow 
Sensor," Sensors and Materials, 2, 1. (1990), pp. 17-26.) 
Unlverelty of Michigan has patented (US Patent #6169321). the thennally- 

30 Induced modification of parameters such as resonance frequency and Q of 
micro-machined resonators and other mlcro-slaictures residing on a micro- 
platform, using a separate micro-heater, also on the mtero-platfomn. 
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Thermal trimming of a ttiermo-anemometer-type of sensor (such as 
a thermal accelerometer) is l<nown (US Patent #5808197), where 
temperature-sensitive metal resistors are heated until they oxidize, hence 
changing the resistance of the metal film. This procedure is not reversible, 
5 and can be used only at the manufacturing stage (npt practical for user- or 
field-trimming). 

A method of creating a precise resistance having litde-to-no drift with 
temperature (so-called "zero-TCR"), based on combination (connection) of 
two reslstore having positive and negative temperature coefficients of 

10 resistance (TCR's), with subsequent laser trimming, has also been 
. invented (US Patent #6097276). The method involves calibration steps 
wherein the resistor is heated up to a predetemiined temperature (T), then 
the T-induced resistance drift Is measured, then the staicture is laser- 
trimmed to minimize net TCR of the combined resistor, and then the 

1 5 process Is repeated until the TCR is reduced to the desired level. 

The inclusion of trimmable resistors in certain devices and 
applications has also been considered in prior inventions (US Patents 
#5679275, #5635893, #5466484). In particular, the use in op amps, in 
reference voltage sources, and in digital-to-analog converters and analog- 

20 to-dlgltal converters (DAC/ADC's) has been outlined (US Patents 
#5679275. #5635893, #5466484.) 

There Is a need for highly accurate trimming that can exceed the 
accuracy achieved by laser trimming and does not require special 
equipment such as powerful lasers. 

25 

SUMMARY OF THE INVENTION 

Accordingly, an object of the present Invention Is to perform effective 
trimming of functional resistors made firom unstable material, wherein the 
trimming behavior depends sensitively on temperature above a certain 
30 threshold, by obtaining a temperature relatively constant with time in the 
targeted element, and by obtaining a relatively flat spatial temperature 
profile In the targeted element. This should lead to the effective trimming of 
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resistors in a wider range of devices, and In a wider range of 
circumstances, and the enabling of practical user-trlmnDing and field- 
trimming of applications devices such as resistor dividers, trimpots, resistor 
networks, op-amps, instrumentation op-amps, reference voltage sources, 
5 DAC/ADC's, signal conditioning circuits, programnnable-gain amplifiers, 
piezoresistors, and sensors. 

It is also an object of the present invention to independently trim 
functional elements, such as resistors, while maintaining them in close 
thermal contact. 

10 It is also an object of the present invention to reduce the amount of 

power needed to accomplish trimming. 

It is also an object of the present invention to trim a functional 
element, such as a resistor, wherein a desired output signal depends 
critically on the interactive response of at least two functional independently 

15 trimmable elements. 

Accorxjing to a first broad aspect of the present invention, there is 
provided a method for trimming a functional resistor, the method 
comprising: providing a thennaily-isolated micro-platform on a substrate; 
placing a plurality of thermaiiy-trimmable functional resistors on the 

20 thennaily-isolated micro-platfonn; subjecting a portion of the thermally- 
isolated micro-platform to a heat pulse such that a resistance value of one 
of said plurality of functional resistors is trimmed while a resistance value of 
romaining ones of said plurality of functional resistors remains substantially 
untrimmed. 

25 Preferably, pulse-heating is intended to heat a sub-region of ttie 

ttiermally-lsolated plate. Here, it is intended for the heat dissipation (or the 
bulk of the heat dissipation) to be localized wittiin a relatively small portion 
(containing ttie heat-taigeted region or regions, which may be areas or 
volumes) of a tiiermally-lsolated plate witiiout affecting otiier elements on 

30 the plate. Four types of pulses (steady-state square pulse, quasi-static 
square pulse, dynamic square pulse, and dynamic shaped pulse) are to be 
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used in this particular mode (heating a sul)-reg!on of the thennally-isolated 
plate)." 

In addition to this mode, the other two potential heat localization 
modes relative to heat dissipation In the zones surrounding the heat- 
5 targeted regions are the "sub-region on substrate' and the "thermally- 
isolated plate". In the sub-region on substrate, it is intended for the heat 
dissipation (or the bulk of the heat dissipation) to be localized within a sub- 
region (containing the heat-targeted region) of a device, where that sub- 
region is simply located on a substrate, usually a semiconductor substrate. 
10 The heat-targeted region may be directly on the substrate, or supported or 
separated from the main substrate by thin films, which may be insulating. 
In the thennally-isolated plate, it is intended for the heat dissipation (or the 
bulk of the heat dissipation) to be localized within a relatively themially- 
isolated plate containing the heat-targeted region. The plate is relatively 
15 well thennally Isolated from a main substrate, usually a semiconductor 
substrate. One way to accomplish this themial isolation is to make the plate 
suspended over a cavity in the substrate. The plate may often be 
composed of various layers, such as insulators or conductors or 
semiconductors, as long as the overall thermal isolation is substantial. 
20 Essentially, all three heat localization modes can be used witii a dynamic 
shaped pulse. 

According to a second broad aspect of the present Invention, there is 
provided a method for providing and trimming a circuit, the method 
comprising: providing at least one themnally-isolated micro-platfonn on a 

25 substrate; placing at least two resistive elements with non-zero temperature 
induced drift on said at least one themially-isolated micro-platfomi, such 
tiiat sakl at least' two resistive elements on said at least one micro-platfomi 
are subjected to a substantially same operating environment, at least one 
of sakJ at least two resistive elements on said at least one micro-platfomn 

30 .being themially trimmabie; trimming said at least one resistive element on 
said at least one mkjro-platfomn to trim said circuit by themnal cycling: 
connecting said at least two resistive elements togettier in said circuit in a 
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manner to compensate for said operating environment on said at least one 
micro-platfomr, wherein heat generated during operation on the at least 
one micro-platfomn is distributed among said at least two resistive elements 
such that temperature drift is substantially compensated. 

5 Accoixling to a thirel broad aspect of the present invention, there Is 

provided a method for trimming a functional resistor, the method 
comprising: providing a themially-lsolated micro-platfomi on a substrate; 
placing a functional resistor on said thermally-isolated micro-piatfonn: 
subjecting said functional resistor to a heat source having a power 

10 dissipation geometry adapted to obtain a substantially constant 
temperature distiibution across said functional resistor when a temperature 
of said functional resistor is raised for trimming purposes; and tiimming 
said functional resistor using at least one heat pulse. 

According to a fourtii broad aspect of the present invention, there Is 

15 provided a circuit for tiimming a functional resistor, the circuit comprising: a 
tiiemially-lsolated micro-platfomi on a substrate; a plurality of functional 
resistors spaced apart on tiie themnally-isolated micro-platfomi; and 
trimming circuitry for subjecting a portion of the themially-isolated micro- 
platfomi to heat pulses such that a resistance value of one of said plurality 

20 of functional resistors is trimmed while a resistance value of remaining 
ones of said plurality of functional resistors remains substantially 
untrimmed. 

According to a fifth broad aspect of the present invention, there is 
provided a circuit for trimming circuit elements, the circuit comprising: at 

25 least one tiiermally-isolated mlcro-platfomi on a substrate; at least two 
resistive elements with non-zero temperature Induced drift on said at least 
one thermally-isolated micro-platform, such that said at least two resistive 
elements on said at least one micro-platfomi are subjected to a 
substantially same operating ^Ironment, at least one of said at least two 

30 resistive elements on said at least one micro-platform being thennaliy 
tiimmable; and tiimming circuitry for tiientially trimming said at least one of 
said at least two resistive elements; wherein said at least two resistive 
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elements are connected together in said circuit In a manner to compensate 
for said operating environment on said at least one micro-platfonn, and 
heat generated on the at least one micro-platform Is distributed among the 
at least two circuit elements such that an effect of temperature drift is 
5 compensated. 

According to a sixth broad aspect of the present invention, there is 
provided a circuit for trimming a functional resistor, the circuit comprising: a 
thermally-isolated mlcro-platfomi on a substrate; a functional resistor on 
said themiaily-isoiated micro-platfbmd subject to a heat source having a 

10 power dissipation geometry adapted to obtain a substantially constant 
temperature distribution across said functional resistor when a temperature 
of said functional resistor is raised for trimming purposes; and trimming 
circuitry for trimming the funcdonal resistor. 

According to a seventh broad aspect of the present invention, there 

15 is provided a method for calculating a temperature coefficient of resistance 
of a functional resistor, the method comprising: providing at least one 
thennally-lsolated micro-platfomi on a substrate; placing a functional 
resistor on said at least one thermally-isolated micro-platfbmi; heating said 
functional resistor measuring a resistance value of said functional resistor 

20 at ambient temperature and at an elevated temperature; and calculating 
said temperature coefficient of resistance based on said measured 
resistance values. 

According to an eighth broad aspect of the present invention, there 
is provided a circuit for calculating a temperature coefficient of resistance of 

25 a functional resistor, the circuit comprising: at least one thennally-isolated 
micro-platfonm on a substrate; a functional resistor on said at least one 
thennally-isolated micro-platfomi; heating circuitry for heating said 
functional resistor; measuring circuitry for measuring a resistance value of 
said functional resistance at ambient temperature and at an elevated 

30 temperature; and calculating circuitry for calculating said temperature 
coefficient of resistance based on said resistance value at ambient 
temperature and at an elevated temperature. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

These and other features, aspects and advantages of the present 
invention wili become better understood with regard to the following 
5 description and accompanying drawings wherein: 

FIG. 1 depicts graphs of temperature vs. time, illustrating different pulse 
heating modes relative to the temperature attained In the heat-targeted 
region; 

FIG. 2 is a top view schematic of a possible configuration of the micro- 

10 platfomi with four resistors, suspended over a cavity; 

FIG. 3 is a cross-sectional view of the structure shown in Fig. 2; 
FIG. 4 shows schemafically one potential layout of two pairs of functional 
and heating resistors on the micro-platfonn with corresponding temperature 
distributions under transient and static temperature conditions; 

1 5 FIG. 5 shows schematically one potential layout of a micro-platform, similar 
to Fig. 4, with a plurality of slots; 

FIG. 6 shows schenrwtlcally one potential layout of a micro-platform, similar 
to Figs. 4,5, with continuous slots; 

FIG. 7 Is a view of ttie electrical contacts entering one of the bridges of the 
20 micro-platfonn, for Immunity to themial gradients on the substrate: 

FIG. 8 shows schematically one possible layout of an R-2R divider, 
arranged on a single micro-platfonn; 

FIG. 9 shows an example of pairs of resistors on separate closely proximal 
micro-platfomns; 

25 FIG. 10 Shows an example of pairs of resistors on separate closely 
proximal mlcro-platfomis with bridges and connections ananged to be 
immune to themnal gradients on the substrate; 

FIG. 11 shows schehiatlcally an example of a layout of a trimmable R-2R 
divider on separate micro-platforms (or single microplalform with 
30 continuous slot); 

FIG. 12 shovys three examples of layouts Intended to dissipate more power 

at the edges of the heat-targeted region; 
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FIG. 13 Is an example of a configuration allowing time-varying themial 
isolation; 

FIG. 14 shows the electrical schematic of two functional resistors, and two 
heating resistors electrically Isolated from the functional resistors; 
5 FIG. 15 shows a possible embodiment for a trlmmabie thermal sensor (e.g. 
thenmo-anemometer or thennal accelerometer), ananged on a single 
micro-platfonn with a slot; 

Fl(j. 16 shows a possible embodiment of a thennal sensor (e.g. thernio- 
anemometer or themial accelerometer), ananged on a plurality of mlcro- 
10 platforms; 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

It should be noted that for the purpose of this disclosure, trimming is 
to be understood as increasing or decreasing the room-temperature 

1 5 r©slstance value of a resistor. It should also be noted that thermally-Isolated ^ 
is meant to describe an element that is Isolated from other elements such 
that the heat flux (proportional to temperature differential) generated 
between the element and other elements, is generally low. Electrically- 
isolated Is meant to describe an element that is isolated from other 

20 elements such that the resistance between this element and other 
elements is very high (e.g. hundreds of k-ohms). The term signal is meant 
to describe any data or control signal, whether It be an electric cunent, a 
light pulse, or any equivalent. Furthemnore, obtaining a constant or flat 
temperature distribution, T(x). Is equivalent to a relatively flat or 

25 substantially constant temperature distribution across a resistor. The entire 
resistance cannot be at the same temperature since a portion of the 
resistor must be off the micro-platfonn (due to the continuous nature of 
resistors) and electrical contacts must be at a lower temperature. 
Therefore, obtaining a substantially constant temperature distribution 

30 across a resistor Is understood to mean across a maximum possible 
fraction of the resistor. A pulse is to be understood as a short duration of 
current flow. 
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To underlie the invention herein, an outline and discussion of certain 
modes of heating and heat localization is in order. Thennai and electro- 
thermal trimming of a resistor involves the application of heat to a target 
resistor for a certain time-period. Thus, almost by definition, all such 

5 purposeful trimming is done by a heat pulse or pulses. If the behavtor of the 
resistor Is well-known and highly predictable, effective trimming can be 
done with a single well-designed pulse, if not, or if greater precision Is 
desired, an adaptive series of pulses can be applied. In general, such 
pulses may have simple shape (e.g. square), or more complicated shape, 

1 0 depending on the desired variation of heating behavior with time. 

Also, since such trimming usually targets a particular resistive 
element localized in a certain sub-volume or sub-area of a larger (usually 
integrated) device, (which usually must maintain its operating temperature 
within certain narrow ranges), the localization of the heat in and around the 

15 target elements may be of considerable Importance. Specifically, the time- 
variation and spatial variation of heating in the target element(s) may be 
very important in the attainment of the desired trimming result, which will be 
strongly influenced by the combination of pulse and heat localization 
characteristics. 

20 These will be partlculariy important in light of the highly non-linear 

nature of trimming. For example, both the degree of trimming and \yhether 
the resistance of a resistive element is increased or decreased (trimmed up 
vs. down), may depend very sensitively on the actual instantaneous 
temperature of the resistive element. Thus, accurate and efficient trimming 

25 may depend critically on very precise control of the time- and spatial 
variation of the heating, and therefore on pulse and heat localization 
modes. A isnge of cases are of particular Interest In this Invention, outlined 
and discussed below. 



30 the heat-targeted element attains thermal steady-state with the 
sunoundings for a substantial portion of the pulse (e.g. within 2% for 
greater than 90% of the pulse duration). While the spatial profile may vary 



The situation depicted In Fig. 1.a Is when a square pulse is used and 
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with position within or surrounding the heat-targeted region, this T(x) profile 
becomes constant with time, after an initial transient. At^s which is 
substantlaily shorter than the duration of the square pulse, Atp. This type of 
pulse is cailed a steady-state square pulse. 
5 The situation depicted in Fig. 1.b is again a square pulse, and the 

heat-targeted region attains some measure of equilibration with the 
sunx)undings, within some more-relaxed factor like 10% of the steady-state 
value, for some significant fraction (e.g. l^) of the pulse duration. This is a 
similar principle to (a) above, but can be used in cases where the 

10 requirement of accuracy of temperature control is not as stringent. This 
type of pulse is called a quasi-static square pulse. 

The situation depicted in Fig. 1.c represents a square pulse, where 
the pulse duration Atp, is much less than the time constant, Atss. for 
achieving steady-state heat distribution in and around the heat-targeted 

15 region. The heat-targeted region experiences only a rapid rise and fall of 
temperature, without equilibration. This type of pulse is called a dynamic 
square pulse. 

In view of the lack of temperature equilibration in Fig. 1c above, the 
pulse may be shaped for the purpose of making the instantaneous 

20 (elevated) temperature constant with time in the heat-targeted region. 
Again, the pulse duration Atp, is much less than the time constant, Atss, for 
equilibration, but here the pulse-shape is designed to achieve a relatively 
flat time-behavior, except for rapid tum-on and turn-off transients. An 
example of this situation is depicted in Fig. I.d, illustrating a dynamic 

25 shaped pulse. 

In DC/quasi-static and steady-state tiimming, one may use relatively 
long trimming pulses, such as 100ms and longer, and the heated 
microstructure may or may not be relatively uniformly and entirely heated 
by those pulses. If one models the heated microstructure as being 

30 uniformly and entirely heated by those pulses, then one can estimate a 
maximum reasonable power Pmax for many applications to be P= IV = I^R = 
V^/R = Pmax = 100mW. For example, this could conrespond to RheatBr=500n, 
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(relatively low), 1=1 5mA, V=7.5V, (low enough for many user devices). With 
these parameters. In order to reach an elevated temperature of 500°C - 
700°C, (roughly realistic in the case of thennaily-trimmed resistors), the 
mlcrostnjcture must have thenmal isolation higher than 5-7®K/mW. The 
5 numerical analysis above is also valid for the case of a sub-region of the 
microstructure being heated. The geometry, materials, and layout of the 
structure must be property designed to meet this requirement. For example, 
in a device based on a suspended microstructure, this translates to 
constraints on such parameters as length and width of supporting bridges, 

10 thickness, thermal conductivity of the layers making up the microstructure, 
depth of the cavity. 

In pulse-based trimming within this invention, one uses pulses short 
enough to heat certain localized areas of a particular microstructure, 
without affecting neariay areas on the same microstmcture (or another 

15 neari^y microstructure). In order for pulse trimming to be practically 
effective, again the trimming power must not be too high, for the same 
user-based restrictions, and there is the added restriction that the themial 
conductivity within the microstructure itself must not be too high. This in 
turn restricts such parameters as the thickness, h, of the microstructure 

20 (assuming that it is of generally planar shape). A single trimming pulse 
having energy E=PAt must heat an area Ah of the suspended 
microstructure having thickness h, up to above the trimming temperature 

T„„deflnedbye<,ua«on:r^ = -^. 

The heated volume Vh can be described as (Anh), where Ah is the 
25 effectK^e area of the heated region. Since heat diffusion has characteristic 
iength ^^=^2^ (where thennal' dfffuslvity x-^pOv > k Is thermal 
conductivity; p Is density and Cy Is specific heat of the material of the 
microstructure), the heated area =(«Lm* +^,), where Ar is the area of 

the heater resistor: Therefore, if the area of the heater resistor is neglected. 
P 

30 7L. = . Relative to the maximum power Pmax. the thickness of the 
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P 

microstructure h must be comfortably less than: h < . 

For example, if P„«x=100mW, Twm=700''C and k=0.014W/cm °K (for 
silicon dioxide), the thickness h must be less than ~17^m. Practically, 
thickness h should be less than -lOfim because (1) the actual size of the 
5 heater and trimmed resistor cannot be neglected and (2) the thennal 
conductivity k for a real (usually multi-layer) structure is normally higher (for 
example including silicon nitride (k=0.16 W/cm-^K) and polysilicon (k=0.3 
W/cm°K)). Further decrease of h enables the achieving of higher 
temperatures in the heated area, for a given pulse energy. 

10 One possible configuration of the Invented device Is shown 

schematically In Figs. 2-4. Fig. 2 depicts a two-bridge cantilever 1, serving 
as a mechanical support for four resistors - two functional resistors Ri, R2, 
and two electrically-heated resistors Rn,. R2h. The resistors are placed on 
the central area 2 of the cantilever 1. The cantilever 1 is suspended over 

IS the cavity 9. etohed in a silicon substrate 3, tiius thenmally isolating ttie 
cantilever 1 fifom the silicon substrate 3, which acts as a heat sink. 
Electrical connections to the resistors 4, 5. 6, 7, pass through two bridges 8 
and enter the non-tiiermally-isolated region above the silicon substrate 3. 
Fig. 3 gives a cross-sectional view of the micro-machlned structure. 

20 In a preferred embodiment, standard micro-fiabrication technology 

such as CMOS (or BiCMOS. or others), is used to fabricate resistive and 
dielectric layers to fonn tiie cantilever. It Is well-known that such dielectric 
layers as silicon oxide and silicon nitride have low ttienmal conductivity. 
Therefore high thennal Isolation (approximately 20-50°K/mW) can be 

25 achieved for the type of microstructure described here. 

Resistors Ri, R2, Rih and R2h can be made, for example, from 
polysilicon having sheet resistance of 20-100Q/square, which is typical for 
CMOS technology. It is also known from the prior art ttiat polysilicon 
resistors can be thennaily trimmed by heating them up to temperature 

30 higher than a certein ttireshold Tm, such as Tu^OO^C. 

A polysilicon resistor having resistance of lOkO (for example) can be 
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readily fabricated in an area of approximately 30\im x SOpm, if a 
technological process having 1ym resolution is used. For a 0.8|jm or 
O.SSpm or smaller-feature-sized process, the size of the resistor can be 
significantly smaller. Therefore all four resistors, two functional with. 
5 resistance of, for example, 10kQ each, and two auxiliary, with preferably 
lower resistance such as approximately 1kQ, can be fabricated on the 
thenmally isolated area 2 with typical area in an approximate range of 
500pm^ - 20,000|jm^ e.g. 50pm x lOOpm. This size is reasonable for 
many possible applications, and releasing of the whole structure can be 
10 done by well-known micro-machining techniques, for example chemical 
etching in an isotropic etchant solutlon(s), or isotropic dry silicon etch 
techniques. 

Fig. 4 shows schematically one potential layout of resistors placed 
on the cantilever 1. Resistors Ri 10, Rih 12 and R2 11. R2h 13 are 

15 embedded and grouped so that the locations of portions of the resistive 
elements In Ri/Rih and R2/R2h resistors alternate along the central 
thennally isolated area 2 of the cantilever 1 . A distance L, shown in Fig,4 
separates these resistive portions from each other. 

The heater resistors Rn, 12 and Ran 13 can be either inside or 

20 outside of the functional resistors In the serpentine pattern. Fig. 4 shows 
the heatere on the inside of the pattern. Many potential layouts are 
available. In order to help maintain a relatively spatially flat T(x) profile, it 
may be advantageous to have the heater resistors on the outside (as 
shown later In Fig. 12.) 

25 The device functions as follows. For simplicity of explanation, before 

a trimming pulse (at to), the stmcture is stabilized at quiescent temperature 
T = Tquieaoent, as shown In Fig.4. When a short pulse of voltage (which can 
be square or shaped), with duration At Is applied to the resistor Rih 1 1 * a 
certain amount of heat is injected into the restricted resistive regions 14, 

30 shown roughly as diagonally-shaded circles in Fig.4, con-esponding to Ri 
and Rih, while the restricted areas oonesponding to R2 and R2h 15, 
(unshaded circles) remain at or near the quiescent temperature. This 
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situation is represented by the plot T(x) at time ti, (at the end of the pulse), 
in Fig.4 (Qualitative Dynamic Temperature Distribution). Quantitatively, the 
overheating temperature of these particular locations can be estimated as 
(Tmax - Tquiescent) « (PAt)/C, whers P is dlssipated power and C is thennal 
5 capacity of the heated location. This approximation is valid only for short- 
enough pulses (dynamically pulsed cases (c) and (d)). To evaluate 
preferable pulse duration, the following suggestions can be made. During 
time tj, heat is transfenred along the cantilever to a certain distance L 
defined by equation: tT=L^/2x where thermal diffusivlty x=k/pcv ; k is thermal 

10 conductivity; p is density and Cy is specific heat of the material of the 
cantilever. Therefore, if L is the distance between the heated locations 14 
and "cold" locations of the non-trimmed resistor 15, the duration of the 
pulse At should be preferably less than time tr. This means that heating of 
the resistor Ri 10 is terminated before heat reaches resistor R2 11. After 

15 the end of a pulse, ttie accumulated heat further spreads over the structure 
yielding more unifonn temperature distributions over time. Temperature 
distributions T(x) along the structure at times t2<t3<t4, corresponding to ttiis 
case, are also shown schematically in Fig.4. The overall temperature is 
also decreasing toward Tquioscent, as ttie heat is transferred away to tiie 

20 ambient and substrate. The Important feature of the described trimming 
I cycle Is that the temperature at the locations R2/R2h never exceeds the 
trimming threshold temperature Tm. Therefore only resistor Ri 10 is being 
trimmed. Analogously, resistor R2 11 can be trimmed independentiy, 
without trimming of ttie resistor Ri 10. Estimation of ttie trimming process of 

25 a polysllicon resistor placed on a cantilever between silicon dioxide layers 
(which is typical for traditional CMOS technology) and distance L=20Mm 
between "hot".and "cold" locations, gives an approximate pulse duration At 
less than 0.4ms (k=0.014W/cm*°K; p=2.19g/cm^: Cv=1.4J/g»*'K for silicon 
dioxide; (R.S.Muller, T.I.Kamlns. Device electronics for Integrated circuits 

30 John Wiley & Sons Inc. NY, Second Edition. 1 986.). 

Elements in the prior art (for example D, Feldbaumer, J. Babcock, V. 
Mercler, C. Chun, Pulse Cun-ent Trimming of Polysllicon Resistors, IEEE 
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Trans. Electron Devices, 1995, vol. 42, pp. 689-695), Indicates that 
trimming to decrease resistance Is done by short pulses at high 
temperature, and that trimming to increase resistance (recover) Is done by 
longer heat exposure, at a temperature lower than Is needed to decrease 
5 the resistance, but higher than the threshold for instability. While the short 
high-temperature pulses may be readily applied to Independently trim one 
element without affecting, the others, the longer exposure needed to 
incrBase resistance (recover) may impose restrictions on the Independent 
trimming of one resistor among a plurality on a micro-piatfomi. To resolve 

10 this problem, In such cases the following useful algorithm can be outlined: 
(1) apply long heat exposure at a temperature that increases the 
resistance, for ail trimmabie elements on the micro-platform; (2) measure 
all of the trimmabie resistances; (3) use short pulses at high temperature to 
independently trim each trimmabie resistor down to its desired value. 

15 in general, Tquiescent can be different from the ambient temperature. 

For example, the situation where Tquiescent is substantially higher than the 
ambient, but lower than To,, may be desirable in some situations, for 
management of trimming pulse parameters and available voltage 
restrictions. For example, if Tb, » 200*C and if Tquiescent »200''C, which can 

20 be obtained by dither DC heating or an appropriate ratio of pulse-width to 
pulse-period (e.g. %), then the local overiieating would need only to be (Tth 
- 200°C), to initiate trimming. As a result, the trimming pulse amplitudes 
may be lower than they would need to be If Tquieaoent were at or near to 
room temperature. 

25 For many applications, a combination of resistors Ri 10 and R2 11 

may be used as a divider (for example, R-R or R-2R dividers) or a trimmer- 
potentiometer. The stability of these devices may be made to be very high 
even If the resistors have a non-zero TCR, as long as they are operating at 
the same (common) temperature. However, if the two resistors are 

30 operated at different dissipated powers (as they often may be), the 
difference in dissipated electric power may result in different elevated 
temperatures of the resistors Ri 10 and R2 11 placed on a microstnicture. 
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For example, if the TCR of the resistors Is 0.001/°K. a typical value for 
highly-doped polyslllcon, then a ternperature imbalance of 0.001°K will give 
a resistance mismatch of 1 ppm. This effect will be especially important on a 
device having high themial Isolation, where large temperature imbalances 

5 would be likely, even for moderate functional currerit levels. 

To suppress or minimize this effect, distributed alternating packets of 
resistance are proposed In this Invention. Small packets of Ri/Rih and 
R2/R2h are alternated at least 2 times In order for the two functional 
resistors to share the heat dissipated In either one by thermal conductance 

10 across the staicture. In this case, even when different power densities are 
dissipated in the two functional resistors, the temperature imbalance of the 
two resistors is dramatically reduced. This situation is schematically 
depicted at the bottom of Flg.4 (Qualitative Static Temperature 
Distribution), where the temperature non-unlfomilty is small, and all 

15 temperatures are comfortably below Tu,. To improve thermal conductance 
through the microstmcture for better temperature equalization at steady 
state conditions, additional material 16 with preferably high thermal 
conductivity and relatively high thermal mass per unit area can be placed 
, near and between the locations of the trimmable functtonal resistors. 

20 Polysllkx)n, for example, can be used for this purpose because it can 
withstand high temperature during trimming. 

Efficient layout of the invented device must satisfy two 
constraints/imperatives, which may be partly contradictory: (1) themial 
Isolation between the resistors Ri 10 and Rz 11 during dynamic heating 

25 (trimming) and (2) high thenmal equalization between these resistors during 
operatton at slowly-changing or DC dissipated power levels. Fig. 5 shows 
one possible configuratton of the stnicture. Slots 17 between heated 14 
and non-heated areas 15 reduce heat transfer and Increase themial 
isolation between the resistors Ri 10 and Ra 11 during trimming. During 

30 operation at DC or slowly-varying conditions, heat spreads throughout the 
Structure by the paths on both sides of the slots 17. To make this heat 
transfer more efficient under DC or slowly-varying conditfons, additional 
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material 16 with preferably high thermal conductivity is placed on the 
structure. Usage of these slots allows closer location of two functional 
resistors that reduces the size of the microstructure and may simplify its 
fabrication/etching. 

5 In general, the designer of the device can vary layout parameters 

such as the distance L between trimmed areas 14, width of the 
microstmcture 2, size of the slots 17 size and thickness of elements 16 
made from highly thennally-conductive material and level of themial 
isolation of the whole microstmcture 1 to optimize operation and 
1 0 trimmability of the device. 

Fig. 6 shows schematically an additional embodiment of the heater 
and trimmed resistor with themial isolation between trimmed and non- 
trimmed resistors provided by continuous slots 17. 

It is known from prior art that the trimming magnitude ARwm can be 

1 5 quantitatively presented as: = F(TirAn - Ttk)^{ttHm) 

Ro 

Where Ro is the Initial resistance of the trimmed resistor. Note that functions 
F(Ttr{m-Tth) and 0fW are in principle non-linear. For example, as was 
described in Canadian Microelectronics Corporation Report #IC95-08 Sept 
1995, p. 91, a 30% increase of dissipated power (from 14mW to 20mW) in 

20 a themially isolated polysilicon resistor, results in dramatic acceleration of 
trimming. Understanding and judicious use of this feature of the thenmal 
trimming process is essential for Its optimization and reduction of required 
energy (Important in battery-powered applications) (e.g. a subtle rise In 
delivered power/trimmed temperature) may result in substantially shorter 

25 trimming exposure ttrtn. Trimming non-linearity is also important to reach 
not only fast but also accurate trimming. This feature can be used in such a 
manner that rough and fast trimming/tuning is done at one trimming 
temperature at tiie beginning of tuning. Then, fine and comparatively slow 
tuning can be done at another (possibly lower) trimming temperature 

30 (Ttriin>Tth). Furthenmore, the direction of trimming (increase vs. decrease) 
may depend sensitively on T. 

The invented concept of dynamic tiienmal trimming requires short 
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trimming pulses with duration less than the heat propagation time between 
trimmed and non-trimmed local areas of the microstructure. Pulse width At 
is also substantially shorter than the characteristic time required to reach 
temperature equilibration with the ambient. Therefore typical reaction of the 

5 trimmed region to a rectangular voltage pulse may be presented as shown 
schematically in Fig. 1c. Note that the trimming time is significantly shorter 
than pulse width. To (1) improve energetic efficiency of trimming by 
increasing of trimming time during each trimming pulse and (2) provide 
better control of trimming temperature, trimming pulse with optimized 

10 wavefonn is proposed (see Fig. Id). At the beginning of the pulse, voltage 
amplitude is substantially higher than averaged through the pulse to reach 
trimming temperature quicldy. Then voltage amplitude is reduced so that 
delivered power compensates heat loss due to heat leakage into ambient 
and maintains trimming temperature at a predetemfiined value. 

15 Temperature control during trimming is important to reach desired rate of 
trimming and provide rough/fast and fine/slow resistance tuning. Besides 
reverse trimming described in (D.Feldbaumer, J.Babcock, Theory and 
Application of Polysilicon Resistor Trimming", Solid-State Electronics, 1995, 
vol. 38, pp. 1861-1869) in the case of polysilicon, in general, resistor 

20 trimming at higher temperatures can be realized ortly when the trimming 
temperature is appropriately controlled (as shown in Fig. Id, not 1c). 

Another issue raised In the invention is immunity of tiie balanced 
resistors Ri 10 and R2 11 to temperature gradients across tiie silicon 
substrate 3, which may result from side heat sources located on tiie same 

25 chip or even outside tiie chip or its packaging. As was explained before, a 
difference in operating temperature of tiie resistors Ri 10 and R2 1 1 , which 
may have in general non-zero TCR, results in tiieir Imbalance and 
degrades the long-temi stability of tiie device. This invention provides at 
least three mechanisms for reduction of ttie effects of such across-chip 

30 temperature gradients. The first mechanism is that Area 2 is themially 
Isolated from the substrate 3 and therefore has lower sensitivity to 
temperature gradients across ttie chip. The second mechanism is that 
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temperature equalization by alternating resistance packets placed on an 
area 2, described above further improves insensWvity to across-chlp 
temperature gradients. For the third mechanism, fig. 7 shows one of the 
bridges 8. a portion of the microstnjcture 1 . Electrical lines 5 and 6 are 
5 connected to the resistors Ri 1 0 and R2 1 1 . Temperature differential ATo at 
the border of the cavity 9 caused by non-uniform heating of the substrate 3 
can be minimizec/ by reducing separation between the two connection lines 
5 and 6 to the range of a few microns or less. Moreover/the temperature 
differential ATi at a certain distance from the cavity 9 edge will be even 

1 0 smaller than AT© because of heat transfer across the bridge 8. 

Therefore, the placing of two matched resistors Ri 10 and R2 1 1 on 
a themially isolated microstructure 1 with small spacing between electric 
contact lines 5 and 6 and alternated location of Ri/Rih and R2/R2h areas 
provides substantial immunity to temperature gradients across the 

15 substrate 3. 

Anotiier method of temperature equalization of the resistors Ri 10 
and R2 11 can be used, if ttie proportion of dissipated power on each of 
them during operation is known, for example for an R-2R divider operating 
with the same cunBnt passing through both functional resistors. In this case 

20 the resistor with higher dissipated power (2R) can be located on tiie 
cantilever so that its thermal isolation from ttie silicon substrate is less than 
for the resistor with lower dissipated power (R). As an example, Fig. 8 
shows schematically one possible layout of an R-2R divider with the 
resistor R2 11 having higher resistance than resistor Ri 10. Resistor R2 11 

25 is placed near tiie edges of tiie cantilever and closer to tiie silicon substrate 
than ttie resistor Ri 10. Therefore its has better thennal contact with silicon 
substrate. If tiie power dissipated in tiie resistor R2 11 is two times higher 
than in ttie resistor Ri 10, and if the layout of the suspended microstructure 
provides two times higher tiiemial isolation for the resistor Ri 10 than for 

30 the resistor R2 11. ttien ttie elevated temperature of both resistors will be 
almost the same. Close proximity on tiie cantilever, as well as tiie 
alternating resistive packets, will furttier help to equalize tiie operating 
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temperature of two resistors. This approach can be used to provide close 
operating temperature of two resistors, matched according to some ratio 
(not necessarily 2:1). 

On the other hand, one can also co-design a pair of micro-platfomis 
5 to attain closely-matched temperatures during operation. One such 
alternative layout consists of two resistors located on two different thermally 
isolated membranes (for example over a common micro-machined cavity). 
Such a layout may be preferable in some circumstances, for example when 
both lower trimming power is desired (DC trimming) and simpler 

10 requirements to temperature imbalance during operation are applicable. In 
some circumstances, even placement of the pairs of resistors (where each 
pair consists of one functional 10, 11 and one heating 12, 13 resistor), on a 
separate microstructure 1 as shown in Figs. 9 and 10, may offer certain 
benefits (may be preferable in some applications). As an example of a 

15 benefit: the structure may be trimmable by a DC signal, (without short 
pulses), simplifying the trimming procedure. The T-stability might not be as 
good, but might be sufficient for some applications. Two separate 
microstructures 1 shown in Figs. 9 and 10 are suspended over the cavity 9 
in a semiconductor substrate and have different supporting bridges 8. The 

20 difference between these two layouts is that the bridges 8 in the second 
one (Fig. 10), are placed closer to each other which is preferable, when 
temperature gradients are induced In the substrate, as has been explained 
above. 

Fig. 11 shows schematically the layout of a trimmable R-2R divider 
25 with two pairs of functional 10, 11 and heating 12. 13 resistors placed on 
separate cantilevers 1 suspended over the cavity 9 in the substrate. If the 
power dissipated on the resistor R2 11 (2R) during operation is two times 
higher than the power dissipated on the resistor Ri 10 (R), the preferable 
layout should provide thermal isolation of the resistor Ri 10 (R) two times 
30 higher than that of the resistor R2 11 (2R). in this case, the (elevated) 
temperatures of the two functional resistors would be almost the same, 
yielding a stable resistor divider, even though the absolute resistance might 
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be varying. 

It should be noted that the resistances within the restricted resistive 
regions need not be side-by-slde on the mlcrostmcture. Instead, they may 
be arranged to be one over the other, as long as the electrical insulation 

5 between them is sufficient. 

As alluded to above, the trimming behavior at temperatures above 
the trimming threshold may be a complex and sensitive function of T. Thus, 
for accurate control of trimming in the functional resistor, it is important for 
the entire functional resistive element being trimmed to be maintained at 

10 the same (and controllable) temperature. Thus the spatial T profile, T(x) in 
the heat-targeted region, should be constant. However, since the heat- 
targeted element, even in steady state, is intended to be at a higher T than 
its surroundings, the boundaries of the heat-targeted region will tend to be 
at a temperature lower than the T at the center. In order to compensate for 

15 this, figures 12a, 12b, and 12c show examples of layouts intended to 
dissipate more power at the edges of the heat-targeted region. More power 
can be dissipated at the edges of the heat-targeted region by increasing 
the resistive path around the perimeter, and/or increasing the resistivity of 
the elements at the perimeter. Since the dirisction of trimming depends 

20 sensitively on temperature, It is preferable to have a major portion of the 
functional resistor having a flat temperature distribution so that most of the 
bulk of the resistive element Is trimmed in the same direction. Therefore, a 
power dissipation geometiy for the heating element can comprise supplying 
more heat arounW the edges of the functional resistor in order to counteract 

25 a faster heat dissipation In the edges and resulting temperature gradients 
across the thermally^isolated micro-platfomn. 

One can place the functional and heating elements on a moveable 
micro-platfbrm or micro-structure, such that during operation it is in themial 
contact with the substrate, to attain lower overheating temperatures and 

30 such that during trimming it Is thermally isolated (using lower power). Fig. 
13 shows one such configuration. 

Trimming potentiometer. Fig. 14 shows schematically the electrical 
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connection of two resistors Ri 10 and R2 11. Their resistance can be 
thennally trimmed by two electrically isolated heating resistors Rih 12 and 
Rah 13, as has been explained above. High themnal Isolation of the 
resistors shown in Figs. 1-12 allows trimming by dissipating electric power 
5 as low as 10-30mW (say, 5V and 2-6mA). A substantial difference of the 
proposed trimming potentiometer (trimpot) from digital potentiometers 
available on the martlet Is the following: While a digital potentiometer allows 
discrete variation of resistance (usually, not more than 256 steps «0.4%), 
the invented trimpot provides continuous tuning with much higher accuracy 

10 than 0.4%. For example, two polysilicon resistors in a prototype device 
manufactured in a standarcl 1.5|jm CMOS process have been repeatedly 
themially trimmed with accuracy of better than 5ppm (S'lO"®). Their initial 
imbalance after manufacturing was approximately 1%. The resistance of 
these polysilicon resistors was found to be trimmed by as much as 

1 5 approximately ±1 5% of their initial value. 

Figs. 15 and 16 show schematically two possible embodiments of 
three-element thennal sensor (e.g. thermo-anemometer, themiai 
accelerometer). with two functional themially trimmable temperature- 
sensitive elements Rsi 19 and Rs2 20 with accompanying heaters Rsih 21 

20 and Rsa- The thennal sensor also contains the functional heater Rheat 18 
placed between two temperature-sensitive elements 19 and 20. All 
functional elements 18, 19. 20 and auxiliary heaters 21 and 22 which may 
be manufactured, for example, from polysilicon, are disposed on one 
themially isolated platfbmi (Flg.15) analogous to those described In US 

25 PaL#4478077. Modification of the shapes of openings to the cavity 9 and 
slot 17 (top view) transforms one platform into three separate ones shown 
on Fig. 16 with better mutual thermal Isolation of functional elements. For 
both structures shown on Figs. 15 and 16, the disclosed method of 
trimming of functional resistors Rsi 19, Rsa 20 can be applied. Note that 

30 higher mutual thennal Isolation of functional resistors in the second 
stmcture (Fig. 16) may not guarantee unwanted trimming of the central 
heater Rheat 18 during the trimming of one of the resistors Rsi 19 or R82 
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20. Therefore the same considerations (precautions) must l»e taken in 
choosing of the parameters of the pulsed thermal trimming process. 

In general, this invention is applicable to any existing trimming 
process done by a manufacturer in a variety of electronic devices, where 
5 these resistors are used as functional elements. For example, such 
trimmed resistors may be used in analog-tonJigital converters, digital-to- 
analog converters, reference voltage sources, operational and 
instrumentation amplifiers, resistor networks and other devices. The 
accuracy of trimming can be very high, exceeding accuracy given by laser 
10 trimming. In addition, the realization of the invented technique does not 
require special equipment (powerful laser) and can be easily automated 
using common electrical equipment such as voltage sources and 
controllers. Trimmable resistors can be manufactured in a standard CMOS 
(or BiCMOS) process that allows their integration in integrated circuits. 
15 In addition to the above well-known possible applications known 

from the prior art. the Invented trimming technique can be used in a new 
"user-oriented" group of applications, characterized by low electric voltage 
and power required to initiate trimming. This enables various levels of user 
to perform trimming of electronic components. This could be during 
20 assembly of complex electronic systems (tuning, adjustment, regulation of 
voltage offset and amplification, etc.). and manually and/or automatically 
initiated during operatfon of a system to provide adaptive regulation/tuning. 

Oflset voltages in operational and instaimentation amplifiers typically 
result from variations of ambient temperature, varying temperature 
25 gradients, aging effects and other reasons, causing imbalance of the input 
cascade of the amplifier. Note that turning the amplifier on results In its self- 
heating and Inevitable drift of offset voltage during period of time from tens 
of seconds to several minutes. Balancing of the amplifier by an extemal 
trimpot helps to reduce offeet voltage but cannot eliminate its drift during 
30 operatton. Use of the Invented themially activated trimpot (as an Integrated 
part of the amplifier or as a separate component electrically connected to 
the amplifier) allows automaUc adaptive regulation of ofiiset voltage. One 
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possible algorithm for this balancing consists of, (1) the input of the 
amplifier must be temporarily disconnected from the Input voltage source; 
(2) zero voltage should be applied to input; (3) output voltage is measured, 
(4) themial trimming is activated to minimize offset output voltage; (5) input 

5 signal is fed to the amplifier again. The difference between this invented 
offset voltage regulation and the use of a chopper amplifier is that in this 
invention this chopping-like scheme needs only to be activated for short 
periods of time, allowing the amplifier to function in a non-chopped manner 
for the rest of the time. In tiiis case, the usual continual noise induced by 

1 0 chopping is not present. In this case, one achieves the benefit of near-zero- 
offset operation, without the noise penalty of tire chopping. Such a scheme 
can be used in conjunction with an on-board T-sensor, allowing intelligent 
management of trimming events: frequent tiimming need only be initiated 
during periods of rapid temperature change, such as at turn-on, or any 

15 other case of rapidly-changing environment (such as tiie user pulling the 
cell phone out of tiie pocket outdoors during winter). 

The invented technique can be used in amplifiers with 
programmable gain. In cun-entiy typical amplifiers, gain is regulated in a 
discrete manner by switching of appropriate resistors in an array. Thermally 

20 trimmed resistors would allow continuous tuning of gain. 

If functional resistors Ri 10 and Rz 11 (and perhaps more resistors) 
are sensing elements in a sensor, and the sensor output signal essentially 
depends on their resistance, tiie invented trimming technique can be 
applied. For example, themnally trimmed resistors can be a part of themio- 

25 anemometers or thennal aocelerometers or pressure sensors, such as in 
Figs. 15, 16. This method can be used to trim devices and structures 
similar to those variations described in US Patents #4472239 and 
#4478076. Those micro-machined structures contain a plurality of themio- 
reslstors placed on a suspended thermally-Isolated plate having various 

30 configurations of slots and openings. The resistors in those and similar 
sensors and layouts could be altered, to be made from a material suitable 
for the trimming Inventions herein, (for example, from polyslllcon or other 
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materials which allow thermal trimming). In this case, the methods 
(dynamic square- and shaped-pulses) invented herein would allow 
selective trimming of (a) certain thermo-resi8tor(s) without affecUng others. 
A variety of levels of performance and result would be available: (1) 

5 Pulsed trimming of a particular resistor by directly applying an electric 
signal to the resistor itself. One would need to beware that the heating of 
the particular resistor did not unbalance a closely adjacent resistor (for 
example, since the adjacent resistor might be the resistor which provides 
the heat for operation of the themial sensor (for example, themno- 

10 anemometer), whose performance relies on the symmetry of its heat 
dissipation). (2) One may increase the width of slots and/or separation of 
thethermo-resistors, to attain better, mutual themnal isolation between the 
thermo-resistors, malting longer pulses useable for trimming. This may 
reduce to very large separattons or slots, (which may be equivalent to 

1 5 placing the resistors on separate micro-platfomis). or may take the form of 
actually placing the thermo-resistors on separate micro-platfomns, and 
trimming them separately. (3) One may incorporate separate heating 
elements for heating of the taigeted thermo-resistors as described above in 
this Invention, allowing trimming under a wider range of conditions. 

20 Electrically Isolated heating resistors like Rih 12 and R2h 13 (or more) can 
be used for trimming as was explained before. In general, depending on 
mutual themiai Isolation, one varies the pulse duration and shape. Also in 
general, the prBferable layout of the resistors should provide an overall high 
level of thermal isolatton to reduce electric power required for trimming and 

25 selective trimming. 

Usage of the invented technique in sensor applications allows 
adaptive tunlngA)alanclng of the sensor during operation, which can be 
done automatically. For example, periodic balancing (offset regulation) of a 
thermoanemometer-type flow sensor in a mass-flow controller can be done 

30 during operation when gasfliquid flow is interrupted for a short period of 
time. The same approach can be Implemented in other sensor-based 
systems if zero Input signal can be applied to the sensor for a certain 
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period of time. 

Sensors containing thennaily trimmed resistors and sensor modules 
(containing sensors, and accompanying electronics) can be tuned using the 
Invented technique, by a sensor manufacturer or system manufacturer, in 

5 this case, manually adjusted and potentially unreliable mechanical 
potentiometers can be eliminated. 

The concept of a precision resistor with near-zero TCR consisting of 
two parts with negative and positive TCR is l<nown from prior art (US 
Patent #6097276). Manufacturing of such a resistor includes several stages 

10 of laser trimming of both resistive parts with subsequent measurement of 
resistance at different temperatures. The invented themial trimming 
technique can be applied to substitute laser trimming, improve accuracy of 
matching of two resistive parts and simplify manufacturing processes. In 
accordance with a general concept, a precision resistor contains two 

15 functional resistors Ri 10 and R2 11 and two heating resistors Rm 12 and 
Ra 13 placed on themialiy isolated supporting mechanical microstructures 
as described above. One of the functional resistors, say, Ri 10 has positive 
TCR and another, R2 11, has negative TCR. Types of material of these 
resistors are not specified but as an example, polysilicon can be used for 

20 this purpose. It is known that TCR of polysilicon depends on doping and 
can be positive (approximately ♦lO-'/'K) at high doping level and negative 
(from -10"*/'»K to several -10"^/»K) at low doping. Therefore thennai trimrning 
of two resistors can be done so to provide target value of total resistance 
and zero total TCR. It should be noted that periodic heating of the resistor 

25 required to measure its TCR during manufacturing process before and after 
trimming does not require extemal heat sources (hot plates or ovens) and 
can be done by heating resistors Rih 12 and Ra 13. Obviously, the 
elevated temperature In this case should be much lower than for themnal 
trimming purposes. An additional convenience of usage of heating resistors 

30 Rih 12 and Ra 13 is that heating and cooling can be peri^omned very fast, 
with typical time of 20-50ms defined by thermal inertia of the 
micrestructure. Note that the same heating and trimming could be provided 
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from another heat source, such as a laser, or self-heating of the functional 
resistor itself. In these cases also, the heating and cooling times will be 
determined by the thennal inertia of tiie miCTO-platfbmn, ps discussed 
above. Therefore the whole manufacturing process can be substantially 

5 faster. For many applications, accurate knowledge of temperature behavior 
of TCR is required, including terms of higher-order variation with 
temperature. This requires measurement at a plurality of elevated 
temperatures. As another example, one could self-heat a functional resistor 
up to a known relatively high temperature (still substantially below the 

10 trimming temperature), and then measure its resistance several known 
times as it cooled to room temperatiire at known cooling rate. The invented 
technique allows also reduction of number of rejected resistors and 
improves technological yield because tiiennai trimming may be reversible. 
Usage of CIVIOS-compatible materials such as polysilicon with different 

15 doping levels allows integration of such precision resistors in integrated 
circuits. 

More generally, the placing of functional elements on thennally- 
isolated micro-platfomns having small ttiemial mass, allows the acceleration 
of tiie process of measurement of its physical parameters, if these 
20 measurements require measurement at one of more elevated temperatures 
(of course, still well below tiie ttiresholds for trimming or recovery). Note 
ttiat these measurements can be used in many processes of calibration or 
tiimmlng. 

It will be understood tiiat numerous modifications thereto will appear 
25 to those skilled In tiie art. Accordingly, the above description and 
accompanying drawings should be taken as illustrative of the invention and 
not In a limiting sense. It will furttier be understood ttiat it Is intended to 
cover any variations, uses, or adaptations of the inventfon following, in 
general, the principles of ttie invention and including such departures from 
30 tiie present disclosure as come within knovwi or customary practice within 
the art to which tiie invention pertains and as may be applied to the 
essential features herein before set forth, and as follows in the scope of the 
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CLAIMS 

1. A method for trimming a functional resistor, tiie method comprising: 

providing a thennally-isoiated micro-platfonn on a substrate; 

placing a plurality of themially-trimmable functional resistors on the thermally- 
isolated micro-piatfomr); 

subjecting a portion of the themiaily-lsolated micro-platform to a heat pulse such 
that a resistance value of one of said plurality of functional resistors is trimmed while 
a resistance value of remaining ones of said plurality of functional resistors remains 
substantially untrimmed. 

2. A method as claimed in daim 1 , farther comprising placing a heating resistor on the 
themiaily^olated micro-platfomfi in close proximity to at least one of the plurality of 
funcHonal resistors, wherein said subjecting a portion of the themiaily-lsolated micro- 
platfbmi further comprises passing a signal through the heating resistor to increase 
its temperature significantly for the purpose of trimming said at least one of said 
plurality of functional resistore without substantially affecting remaining ones of the 
plurality of functional resistors on the thennally-isoiated micro-platfonn 

3. A method as claimed in daim 2, wherein pladng a heating resistor on the themiaily- 
lsolated micro-platfonn further comprises pladng said heating resistor such that it is 
electrically isolated from said at least one of the plurality of functional resistors. 

4. A method as dalmed in any one of claims 1 to 3, wherein said subjecting comprises 
providing a plurality of electrical pulses and measuring said resistance value of one 
of said plurality of functional resistore in between each of said plurality of electrical 
pulses to detennlne whether a target resistance value has been obtained. 
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5. A method as claimed In any one of claims 1 to 4. wherein said heating comprises 
providing dynamically-shaped electrical pulses to achieve sul)stantlally constant 
temperature as a function of time during a trimming pulse. 

6. A method as claimed in claim 2, vwherein said placing a heating resistor on the 
thennally-isolated micro-platlbrm further comprises placing said heating resistor 
such that it traces said at least one of said plurality of functional resistors. 

7. A method as claimed In dalm 6, wherein said heating resistor is placed along an 
outside portion of said functional resistor to obtain a substantially constant 
temperature distribution across said functional resistor. 

8. A method as claimed In any one of claims 1 to 7, further comprising raising said 
thennally-isolated mlcro-platfomn's temperature to trim downwards values of all 
trimmable functional resistora on said themially-isolated micro-platfbmi, measuring 
said trimmable functional resistors, and Individually trimming upvrards each of said 
trimmable functional resistore. 

9. A method for providing and trimming a circuit, the method comprising: 

providing at least one thennally-isolated mlcro-plalfonn on a substrate; 

placing at least two resistive elements with non-zero temperature induced drift on 
said at least one thermally-Isolated micro-platform, such that said at least two 
resistive elements on said at least one micro-platlbnn are subjected to a 
substantially same operating environment, at least one of said at least two resistive 
elements on said at least one miano-piatfonn being aiemrialiy trimmable; 

trimming said at least one resistive element on said at least one micro-platfonn to 
trim said circuit by thermal cycling: 

connecting said at least two resistive elements together In said circuit In a 
manner to compensate for said operating environment on said at least one micro- 
platform; 
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wherein heat generated during operation on the at least one micro-piatfonn is 
distributed among said at least two resistive elements such that temperature drift is 
substantially compensated. 

10. A method as claimed In dalm 9, wherein said connecting said at least two resistive 
elements together further comprises connecting said two resistive elements in 
series, wherein an applied voltage is divided with a predetenfnined ratio. 

1 1 .A method as claimed In dalm 9, wherein said placing at least two resistive elements 
of said circuit on said at least one thermally-Isolated micino-platfonn further 
comprises said at least two resistive elements to be temperature sensitive elements 
located closely on said, at least one thennally-isolated mlcro-platfomn, and whose 
signals are combined to measure a temperature differential induced during 
operation. 

12. A meOiod as claimed In dalm 11, wherein said signals are combined to measure a 
temperature diffBrential Induced by a gas movement. 

13. A method as dalmed In claim 9, further comprising pladng a heating resistor on the 
at least one thennally-lsolated micro-platfbmi in dose proximity to said at least one 
resistive element, wherein said trimming said at least one resistive element further 
comprises passing a signal through the heating resistor to Increase rts temperature 
significantly for the purpose of trimming said at least'one resistive element. 

14. A method as daimed in dalm 13, wherein said heatlrig resistor and saW at least one 
resistive element are on separate themnally-isolated micro-platforms. 

15. A metiibd a^aimed In any'^ijj^/^daims 9 to 14, whei^saia trimming further 
comprise^l^rovlding a plurali^^r>«|ectrical pulses and me^^Jjng said resistance 
value ofA«e o^^aid at leasUwo resiswesSlements In between eadt^ said plurality 
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15.A method as claimed In any one of claims 9 to 14, wherein said trimming 
comprises providing a plurality of electrical pulses and measuring said 
resistance value of one of said at least two resistive elements in tietween 
each of said plurality of electrical pulses to determine whether a target 
resistance value has been obtained. 



16. A mdltod as dalftijed In any one df dalms Q^to'l^, wherein^id heating 
comprise^pr^vi^inXdynamlcally-^h^i^^loctrtfe pulses \ a^ve 
substantiall^Qnstent te^iperature a^mhc^n of time during a^tnFqmlng 
pulse. / 

17. A method for trimming a functlolwl r^lstor, tti'e method, cornprising: 

ptDviding a themialMsolated \nlc)o-platform on a substr 
placing\fijnctiorip1 resistor on galdViefmally-isplated mioro-platfofm; 
subjecting^^idyftinctional resistor te^ a he^/source havhM a'power 

dissipation geob^try adapted to Vbt^ln /a substantially ^constant 

temperature dlstriD^tiQn across ^aic 

temperature pi said functional resistor Is n 



trimming said functional reslstof using bt 



pactional resistor^ 
^ivblmming pur 
ist one heat puls^ 



18. A me^iod as ^felmed In clajr^Z, wh6rein\8ald\immingydomprises 
passing V^ip^al through saijl' funcll^nal resistofy^said functional resistor 
providing s^tTheat source. / ( 

r^^od as dalmed ji 



19.A 



as claimed jn claim 17. whepein safa s^bjecHpg ccfrnpri^s 
piacingXheft^ng resis^r do said themri^ily-isoiated\(j|tt07piatfonn W 
proximity ^^s^ fur^ctional resistor, afid wherein said wjjiming cpm^ri^ 
passing^ signall/fhrough said'^^ting resistor^ trim said^nctioiwl 



resistor. 
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16. A method as claimed in any one of claims 9 to 15. wherein said heating comprises 
providing dynamically-shaped electrical pulses to achieve substantially constant 
temperature as a function of time during a trimming pulse. 

17. A method for trimming a functional resistor, the method comprising: 

providing a thennally-isolated micro-platform on a substrate; 

placing a functional resistor on said thennally-isolated micro-platfomi; 

subjecting said functional resistor to a heat source having a power dissipation 
geometry adapted to obtain a substantially constant temperature distribution across 
said functional resistor when a temperature of said functional resistor is raised for 
trimming purposes; and 

trimming said functional resistor using at least one heat pulse. 

18. A method as claimed in claim 17, wherein said trimming comprises passing a signal 
through said functional resistor, said functional resistor providing said heat source. 

19. A method as' claimed in claim 17, wherein said subjecting comprises placing a 
heating resistor on said thermally-isolated micro-platfonm In close proximity to said 
functional resistor, and wherein said trimming comprises passing a signal through 
said heating resistor to trim said functional resistor. 

20. A method as claimed in claim 19, wherein said subjecting further comprises 
designing a heater path to encircle said functional resistor. 

21. A method as claimed in any one of claims 17 to 20, wherein said subjecting 
comprises supplying more heat around edges of a region In which most of said 
functional resistor resides, in order to counteract a faster heat dissipation In s^d 
edges and resulting temperature gradients across the thermally-isolated micro- 
platform. 
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22. A method as claimed in claim 19, wherein said subjecting further comprises 
designing a heater path to substantially enclose said functional resistor with said 
heating resistor. 

23. A method as claimed in any one of claims 17 to 22, wherein said subjecting 
comprises increasing a density of resistive lines near locations where there is 
greater heat loss to compensate for the heat loss. 

24. A method as claimed in any one of claims 17 to 22, wherein said trimming comprises 
providing a plurality of electrical pulses and measuring said resistance value of one 
of said plurality of functional resistors in between each of said plurality of electrical 
pulses to detemnine whether a target resistance value has been obtained. 

25- A method as claimed in any one of claims 17 to 22. wherein said trimming comprises 
pro>^ding dynamically-shaped electrical pulses to achieve substantially constant 
temperature as a function of time during a trimming pulse. 

26. A circuit for trimming a functional resistor, the circuit comprising: 
a themnally-isolated micro-platfomi on a substrate; 

a plurality of functional resistors spaced apart on ttie themially-isolated micro- 
platfomi; and 

trimming circuitry for subjecting a portion of the thennally-isolated micro-platform 
to heat pulses such tiiat a resistance value of one of said plurality of functional 
resistors is trimmed while a resistance value of remaining ones of said plurality of 
functional resistors remains substantially untrimmed. 



27. A circuit as claimed in claim 26, wherein said trimming circuitry comprises circuitry 
for passing a signal through said one of said plurality of functional resistors. 
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28. A circuit as claimed in claim 26, wherein said trimming circuitry comprises at least 
one heating resistor on said micro-platform for receiving a signal and trimming said 
one of said plurality of functional resistors. 

29. A circuit as claimed in claim 28, wherein each of said at least one heating resistor 
traces at least one of said plurality of functional resistors. 

30. A circuit as claimed In claim 29, wherein a first pair of functional resistor and heating 
resistor is grouped and embedded with a second pair of functional resistor and 
heating element so that locations of portions of said first pair and said second pair 
alternate on said themially-isolated micro-platfonn. 

31. A circuit as claimed in claim 30, wherein said portions of said first pair and said 
second pair are separated by slots in said thermally-isolated mlcro-platfonn, thereby 
reducing heat transfer and increasing themial isolation between said first pair and 
said second pair. 

32. A circuit as claimed In claim 31, wherein said slots are continuous. 

33. A circuit as claimed in dalm 26, wherein said trimming circuitry comprises circuitry 
for transmitting a plurality of electrical pulses and measuring said resistance value of 
one of said plurality of functional resistors in between each of said plurality of 
electrical pulses to detennine whether a target resistance value has been obtained. 

34. A circuit as claimed in claim 26, wherein said trimming circuitry comprises circuitry 
for transmitting dynamically-shaped pulses to achieve substantially constant 
temperature as a function of time during a trimming pulse. 

35. A circuit for trimming circuit elements, the circuit comprising: 

at least one thermally-isolated micro-platform on a substrate; 
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at least two resistive elements with non-zero temperature induced drift on said at 
least one tliermally-isolated micro-platfomi, such that said at least two resistive 
elements on said at least one micro-platform are subjected to a substantially same 
operating environment, at least one of said at least two resistive elements on said at 
least one micro-platform being thermally trimmable; and 

trimming circuitry for themnally trimming said at least one of said at least two 
resistive elements; 

wherein said at least two resistive elements are connected together in said circuit 
in a manner to compensate for said operating environment on said at least one 
micro-platform, and heat generated on the at least one micro-platform is distributed 
among the at least two circuit elements such that an effect of temperature drift is 
compensated. 

36.A circuit as claimed In claim 34, wherein said at least two resistive elements are 
connected together in series and an applied voltage is divided with a predetenmined 



37. A circuit as claimed in claim 34, wherein said at least two resistive elements are 
temperature sensitive elements located closely on said at least one thennally- 
Isolated micro-piatfonn, and whose signals are combined to measure a temperature 
differential. 

38. A circuit as claimed in claim 34, further comprising a heating resistor on the at least 
one thermally-Isolated mlcro-platfomi in close proximity to said at least one resistive 
element, wherein said trimming circuitry further circuitry for passing a signal through 
the heating resistor to increase its temperature significantly for the purpose of 
trimming said at least one resistive element. 

39. A method as claimed in claim 37, wherein said heating resistor and said at least one 
resistive element are on separate thenmally-lsolated micro-platforms. 



ratio. 
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40. A circuit as claimed in claim 34, wherein said trimming circuitry for heating further 
comprises circuitry for transmitting a plurality of electrical pulses and measuring said 
resistance value of one of said at least two resistive elements in between each of 
said plurality of electrical pulses to determine whether a target resistance value has 
been obtained! 

41. A circuit as claimed in claim 34, wherein said trimming circuitry for heating 
comprises circuitry for transmitting dynamically-shaped pulses to achieve 
substantially constant temperature as a function of time during a trimming pulse. 

42. A circuit for trimming a functional resistor, the circuit comprising: 

a thermally-isolated micro-platform on a substrate; 

a functional resistor on said thermally-Isolated micro-platform subject to a heat 
source having a power dissipation geometry adapted to obtain a substantially 
constant temperature distribution across said functional resistor when a temperature 
of said functional resistor is raised for trimming purposes; and 

trimming circuitry for trimming the functional resistor. 

43. A circuit as claimed In claim 42, wherein said heat source comprises a heating 
resistor on said thennally-lsolated micro-platform in close proximity to said functional 
resistor, and wherein said trimming circuitry comprises circuitry for passing a signal 
through said heating resistor to trim said functional resistor. 

44. A circuit as claimed in claim 42, wherein said power dissipation geometry comprises 
a heater path that encircles the functional resistor. 

45. A circuit as claimed In claim 42, wherein said power dissipation geometry further 
comprises a heater path that provides more heat to edges of the functional resistor 
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and resulting temperature gradients across the at least one thermally-isolated micro- 
platform. 

46. A method as claimed in claim 42, wherein said power dissipation geometry 
comprises a heater path that substantially encloses said functional resistor with said 
heating resistor. 

47. A method as claimed in any one of claims 42 to 46, wherein said power dissipation 
geometry further comprises an Increased density of resistive lines near locations 
where there is greater heat loss to compensate for the heat loss. 

48. A circuit as claimed In claim 42, wherein said trimming circuitry for heating 
comprises circuitry for transmitting a plurality of electrical pulses and measuring said 
resistance value of one of said plurality of functional resistors in between each of 
said plumlity of electrical pulses to detemnlne whether a target resistance value has 
been obtedned. 

49. A circuit as claimed in claim 42, wherein said trimming circuitry for heating 
comprises circuitry for transmitting dynamically-shaped pulses to achieve 
substantially constant temperature as a function of time during a trimming pulse. 

50. A method for calculating a temperature coefficient of resistance of a functional 
resistor, the mdthod comprising: 

providing at least one thennally-isolated micro-platform on a substrate; 
placing a functional resistor on said at least one thermally-isolated micro- 
platfomi; 
heating said functional resistor. 

measuring a resistance value of isaid functional resistor at a plurality of 
temperatures; and 
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calculating said temperature coefficient of resistance based on said measured 
resistance values. 

51. A method as claimed in claim 50. further comprising placing a heating resistor on 
said at least one themnally-isoiated micro-platform and wherein said heating 
comprises heating said functional resistor by passing a signal through said heating 
resistor. 

52. A method as claimed in claims 50 or 51, further comprising measuring a resistance 
value at a plurality of elevated temperatures in order to detennine how said 
temperature coefficient of resistance varies as a function of temperature. 

53. A method as claimed In any one of claims 50 to 52, wherein said micro-platfonn 
comprises a plurality of said functional resistors, said heating of said functional 
resistor comprising heating of said micro-platfonn to heat all of said functional 
resistors at a same time, said measurement and said calculating being performed 
substantially simultaneously for all of said functional resistors. 

54. A circuit for calculating a temperature coefficient of resistance of a functional 
resistor, the circuit comprising: 

at least one therm£Uly-lsolated micro-platform on a substrate; 

a functional resistor on said at least one thenmally-lsolated micro-platform; 

heating circuitry for heating said functional resistor^ 

measuring circuitry for measuring a resistance value of said functional resistance 
at a plurality of temperatures; and 

calculating circuitry for calculating said temperature coefficient of resistance 
based on said resistance value at said temperatures. 
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